The properties of the microbody malate debydrogenase (EC 1.1.1.37) (MDH) isozyme from cotyledons of Cucumus sativus L. were compared during development. It is conduded that the isozyme remains unaltered, despite the transition from glyoxysomal to peroxisomal function that occurs during greening of the cotyledons. This condusion is based on electrophoretic behavior, chromatographic elution from DEAE-cellulose, molecular weight, kinetic behavior, and immunological identity. In most cases, the distinct properties of the other MDH isozymes in the tissue during development provide additional support for an unchanging microbody isozyme. A method for assaying specifically the microbody isozyme was developed; a diluted preparation was assayed spectrophotometrically before and after complete immunological precipitation. The turnover of the microbody MDH isozyme was investigated by a radioactive labeling study. There is incorporation into both glyoxysomal and peroxisomal MDH. Degradation rates do not correspond with either decline of glyoxysomal activity or the continuation of peroxisomal activity. Apparently, the microbody MDH isozyme is continually turned over throughout cotyledon development.
The two microbody enzymes having the highest activities, catalase and MDH,3 are present in both types of microbodies in cotyledons (13) . Both enzymes play very different roles in each type of microbody. For example, microbody MDH in the glyoxysomes functions in the glyoxylate cycle, and in the peroxisomes, according to Tolbert's scheme of photorespiration, functions in supplying NAD or NADH for the reversible reaction between hydroxypyruvate and glycerate (13) . The latter MDH reaction is considered to operate by means of a shuttle with the cytoplasmic form(s) of MDH (12) .
Thus, cotyledon development presents a unique situation where an isozyme, specific to a single organelle, operates in two entirely different pathways. Ting et al. (12) have previously postulated that MDH isozymes are specific to particular organelles, which in higher plants, serve to regulate by compartmentation, separate biochemical pathways, containing common enzymic reactions. This is in contrast with procaryotes, where isozymes control the separate pathways by their different characteristics such as differential feedback inhibition.
A previous study on catalase indicated that during the transition, the three-band isozyme pattern on electrophoresis is supplemented by an additional nine bands (3) . By contrast, evidence is presented here that the microbody MDH isozyme is not altered during the transition in microbody function. The isozyme is organelle-specific rather than being adapted to the particular metabolic pathway in which it is involved. In addition, radioactive labeling experiments have given some insight into the turnover (synthesis and degradation) of the isozyme during glyoxysomal and peroxisomal function. This work is more fully detailed in a thesis dissertation (15) .
MATERIALS AND METHODS
Plant Material and Preparation of the Homogenates. Seeds of a Burpee hybrid and the Straight Eight variety (6033-5) of cucumber (Cucumis sativus L.) were grown in vermiculite in a dark chamber (30 C) for the first 4 days and then transferred to a growth chamber with a 12-hr light/dark regime, with corresponding temperatures of 26.5 C and 15.5 C, respectively.
The washed cotyledons were homogenized in 2 volumes of cold grinding medium (0.1 M tris or K phosphate at pH 7.5, containing 1 mM EDTA and 1 mm DTF) at 4 C, either in a mortar and pestle with washed sand, or in a Lourdes grinder. The homogenate was strained through eight layers of cheesecloth and centrifuged at 12,000g for 20 min. The supernatant was stored at 4 C. Enzyme Assays. MDH was assayed at 25 C as described by Ting (11) . Kinetic studies were conducted essentially as outlined by Rocha and Ting (9) . The isozyme preparations were diluted to an activity of 1 A/min/ml. Km values were estimated from a double reciprocal plot, and probable ranges determined from the standard error.
Protein was determined by the Lowry method (8) or estimated by absorbance at 240 nm.
Electrophoresis. The MDH isozymes were separated by vertical starch gel electrophoresis at 4 C and 150 v for 19 hr as previously described (1 1 A quantitative spectrophotometric test for cross-reactivity was performed in the following manner. The isozyme preparation to be tested was diluted to a known MDH activity of about 4.8 Al min/ml. Samples of diluted antigen of 0.1 ml were added to a series of 10 test tubes containing 50 ,ul of one-half diluted antiserum, at increasing concentrations (from 0 to 0.05 ml of the half-diluted antiserum). After vigorous shaking, the tubes were incubated at 4 C for 2 hr and then centrifuged at 27,000g for 1 hr. The supematant fluid was assayed for MDH activity and by subtraction from the initial MDH activity (taking into consideration the MDH activity in the antiserum), the precipitated activity was calculated.
Radioactive Labeling Studies. Seeds of the Straight Eight variety of cucumber were sterilized in 10% of a commercial bleach for 10 min and germinated between paper towels in a cannister under sterile conditions, in the dark at 30 C for 1 day. The cotyledons were aseptically excised and floated on sterile medium in Petri plates. The cotyledons were kept in the dark as much as possible during the procedure. They were then subjected to the same growing regime as the intact plants.
At the appropriate stage of development, cotyledons were placed in medium containing 5 ,uCi leucine-4,5-3H in 0.1 N HCI (30 Ci/mmol). The cotyledons were washed and transferred 24 hr later to medium with unlabeled leucine at 100 times the concentration (1.67 x 10-5 mmol in 10 ml).
Antiserum for the radioassay was prepared by W. C. Zschoche (16) against purified spinach peroxisomal MDH. (It was ascertained that there was complete cross-reaction with cucumber microbody MDH.) The antigen-antibody solution was incubated for 30 min at 37 C and then at 4 C for 12 hr. This was followed by centrifugation at 27,000g for 30 min. The precipitate was washed twice with cold 0.9% NaCl, and the final precipitate was dissolved in 0.5 ml Nuclear-Chicago solubilizer.
RESULTS
During cotyledon development, successive glyoxysomal and peroxisomal activities of microbodies were monitored by assaying marker enzymes. Enzyme profiles for two cucumber strains essentially agreed with those documented by Trelease et al. (14) for cucumber cotyledon development. Isocitrate lyase activity (a glyoxysomal marker) rose in the dark during the first few days after planting, reaching a maximum at day 3, after which it declined. After transferring to a light-dark regime, on the 4th day, the glycolate oxidase activity (peroxisomal marker) increased rapidly.
Electrophoresis. On starch gel electrophoresis, a four-band zymogram is typical of the cotyledonous tissue at all stages of development ( Fig. 1) . For identification purposes, the bands were designated I to IV from the anode to the cathode (all of the isozymes are negatively charged at pH 7). A control gel was stained with the usual staining solution, but excluding the malate substrate and no bands were observed.
In order to identify the location of each isozyme in the cell, continuous sucrose gradient centrifugation was performed, and the organelles were located using marker enzymes (15) . The organelle fraction in each case was subjected to starch gel electrophoresis. By these criteria, band II on electrophoresis is mitochondrial and band IV (near the origin) is microbody isozyme. Since neither band I nor band III was particulate (using a variety of grinding media), they were assumed to be cytoplasmic.
Comparing zymograms from various stages of cucumber development, it appeared that the mobilities were constant for any particular isozyme. In particular, the microbody form did not change in mobility during development from the glyoxysomal to peroxisomal stages.
Kinetics. For oxaloacetate as the varying substrate (Table I) Using a quantitative method, mitochondrial and soluble isozymes of both 2-day and 7-day cotyledons were not precipitated by the seed microbody MDH antiserum, showing a lack of crossreactivity. In contrast, the microbody isozymes from seed and day 7 cotyledon tissues were precipitated (Fig. 3) . Although the seed isozyme was completely precipitated, the day 7 isozyme started leveling off at the same concentration of antiserum which completely precipitated the seed isozyme. This strongly suggests that there was some contamination of the day 7 microbody isozyme preparation by other, nonprecipitable isozymes, and this was supported by the electrophoresis pattern. After subtracting the contamination level (20% of the original activity), the seed and 7-day microbody isozymes had an almost identical precipitation profile (Fig. 3) . This is further support for their immunological identity.
Since there was no cross-reaction of the microbody isozyme with the mitochondrial or the soluble form, an immunological assay was developed for the microbody MDH isozyme alone. An assumption in this assay was that the band III soluble isozyme does not cross-react with the microbody isozyme; we were not able to test this since the isozyme could not be separated cleanly from the other MDH isozymes. The microbody MDH isozyme develops and declines during development with peak activity corresponding with the peak glyoxysomal activity (Fig. 4) .
Radioactive was some variability in marker enzyme profiles and the radioactive labeling results should, therefore, be considered together with marker enzyme profiles for that experiment. One-to 2-dayold cultured cotyledons rapidly incorporated 3H-leucine into glyoxysomal MDH (Fig. SE) . The incorporation was mainly into glyoxysomal MDH and only insignificantly into peroxisomal MDH, as evidenced by the isocitrate lyase and glycolate oxidase profiles, respectively (Fig. SA) . With the cold leucine chase, the decline in precipitable counts was rapid at first, but slowed down later. When incubated with 3H-leucine at days 5 to 6, incorporation was primarily into peroxisomal MDH and not glyoxysomal MDH (Fig. 6A) . A similar pattern of incorporation and subsequent loss of counts was observed (Fig. 6E) .
DISCUSSION
In general, the properties of the microbody MDH isozyme remained unchanged during cucumber cotyledon development. We conclude that the isozyme is probably unaltered during development. The most convincing evidence is provided by the immunological cross-reaction data. It is conceivable that, by using antiserum prepared against glyoxysomal MDH only, we were biased, since additional antigenic sites could be added later during modification of the isozyme. Such sites could perhaps remain undetected unless antiserum were prepared against per- (16) found some cross-reactivity with the mitochondrial isozyme (not detected here).
The conclusion that the microbody MDH isozyme remains unaltered during a major transition in function of the organelle strongly suggests that the isozyme is adapted not so much to the particular pathway in which it participates, but rather to the cellular compartment in which it is situated. The homology of the isozyme between different species further substantiates this conclusion.
Ion exchange and electrophoretic chromatography showed that the ionic properties of the glyoxysomal and peroxisomal MDH proteins were the same (15) . There were no obvious kinetic differences between the two. Molecular weight estimates (15) indicated that all forms were about the same at 70,000 daltons, although the microbody forms (both glyoxysomnal and peroxisomal) can exist as aggregates (1, 5, 6, 15) .
Hence, all of these data taken together support the thesis that the microbody MDH occurring in glyoxysomes and peroxisomes is the same protein. The radioactive labeling study has given some insight into the turnover of the microbody MDH isozyme during the functional transition of cucumber cotyledon microbodies. The rapid incorporation of 3H-leucine into both glyoxysomal and peroxisomal microbody MDH and the subsequent decline indicate continuous synthesis and degradation during the changeover in function of the microbodies. In particular, there was no sudden decrease in precipitable counts when glyoxysomal activity suddenly fell off.
This observation could have some significance for the controversy regarding the fate of the microbodies during the transition in function. There is good evidence for the degradation of glyoxysomes and de novo synthesis of peroxisomes during the functional transition (7) . On the other hand, others have provided equally good evidence that there is a single, ongoing population of microbodies (2, 14) .
Based only on our evidence as presented here, we suggest a compromise between the two hypotheses. We suggest that there could be a rather rapid, continual turnover of the microbodies and their constituent enzymes. Then, the microbody enzymes evident at a particular stage of development would depend on the particular metabolic requirements at that time. During development, microbody function must be tightly regulated; continual turnover of the organelle would facilitate this regulation. However, electron microscopy has not yielded any evidence for a continual turnover of microbodies (2, 14), and we must await a biochemical assessment of turnover rates at various stages of cotyledon development. 
